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Qilin is one of several genes in zebraﬁsh whose mutation results in cystic kidney. We have now studied
the role of its mouse ortholog, Cluap1, in embryonic development by generating Cluap1 knockout
(Cluap1−/−) mice. Cluap1−/− embryos died mid-gestation manifesting impairment of ciliogenesis in various
regions including the node and neural tube. The basal body was found to be properly docked to the apical
membrane of cells in the mutant, but the axoneme failed to grow. Cluap1 is a ciliary protein and is
preferentially localized at the base and tip of cilia. Hedgehog signaling, as revealed with a Pacthed1-lacZ
reporter gene, was lost in Cluap1−/− embryos at embryonic day (E) 8.5 but was ectopically expanded at
E9.0. The Cluap1 knockout embryos also failed to manifest left–right asymmetric expression of Nodal in
the lateral plate, most likely as a result of the loss of Hedgehog signaling in node crown cells that in turn
leads to pronounced down-regulation of Gdf1 expression in these cells. Crown cell-speciﬁc restoration of
Cluap1 expression rescued Gdf1 expression in crown cells and left-sided Nodal expression in the lateral
plate of mutant embryos. Our results suggest that Cluap1 contributes to ciliogenesis by regulating the
intraﬂagellar transport (IFT) cycle at the base and tip of the cilium.
& 2013 Elsevier Inc. All rights reserved.Introduction
Cilia are present in various cell types of vertebrates and play
essential roles in developmental and physiological processes (Oh and
Katsanis, 2012). Dysfunction of cilia in humans is responsible for
diverse disorders including obesity, retinal degeneration, renal fail-
ure, and heterotaxy or situs inversus (Fliegauf et al., 2007). Whereas
motile cilia are required for motility of cells or for the generation of
extracellular ﬂuid ﬂow, immotile cilia act as antennae that sense
various extracellular signals, both chemical and mechanical.
Given the essential roles of cilia in development and physiol-
ogy, the mechanism of ciliogenesis has received much attention.
Cilium formation is dependent on the cell cycle (Nigg and Stearns,
2011). As a cell undergoes G0 phase, the centrosome moves to the
apical cell membrane and the mother centriole is transformed into
the basal body, from which the axoneme extends to form the
cilium (Kobayashi and Dynlacht, 2011). Biogenesis of cilia requires
intraﬂagellar transport (IFT) machinery, particles which mediates
the bidirectional (anterograde and retrograde) movement ofll rights reserved.
s Group, Graduate School of
oka, Suita, Osaka 565-0871,
ada).cargoes needed for extension and maintenance of the cilium
(Rosenbaum and Witman, 2002). At the base of the cilium, IFT
particles are assembled from kinesin motors, IFT-A and IFT-B
complexes, and cargo. At the tip of the cilium, IFT particles
undergo a remodeling process to change the motor from kinesin
to dynein and to release and reload cargo. However, how IFT
particle assembly and turnaround are regulated remains unknown.
Qilin is one of several genes in zebraﬁsh whose mutation
results in cystic kidney (Sun et al., 2004), with the encoded protein
being essential for cilium assembly and kidney development in
this species (Li and Sun, 2011). The mammalian ortholog of Qilin,
Cluap1, was initially identiﬁed as a gene that encodes a clusterin-
associated protein that is frequently up-regulated in human cancer
cells (Takahashi et al., 2004). Qilin/Cluap1 encodes a coiled-coil
domain-containing protein that is expressed in ciliated cells of
multiple organisms including Chlamydomonas reinhardtii (Stolc
et al., 2005), Caenorhabditis elegans (Murayama et al., 2005), and
mouse (Pasek et al., 2012) in addition to zebraﬁsh (Sun et al., 2004;
Li and Sun, 2011) and human (Marshall, 2004). The Cluap1 protein
is up-regulated during ﬂagellum regeneration in C. reinhardtii,
is required for assembly of sensory cilia and undergoes IFT-
dependent motion in C. elegans (Ou et al., 2005), interacts with
the IFT machinery in zebraﬁsh (Omori et al., 2008) and associates
with B complex in mammals (Boldt et al., 2011). Its role in
ciliogenesis in mammals has remained unclear, however.
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mouse in order to determine the role of this gene in mammalian
development. Our results suggest that Cluap1 is required for
ciliogenesis during embryonic development.Materials and methods
Generation of Cluap1 knockout and knockin alleles
Mouse Cluap1 knockin and knockout targeting vectors were
both generated by recombineering with bacterial artiﬁcial chro-
mosome (BAC) clone RP23-171I6 (Copeland et al., 2001; Liu et al.,
2003). For generation of the knockout targeting vector, a single
LoxP site was inserted 180 bp upstream of Cluap1 exon 1 (Fig. S1).
A cassette consisting of Frt-Pgk-em7-neo-Frt-LoxP from the PL451
vector was then inserted 1.5 kb downstream of Cluap1 exon 3. The
knockin targeting vector was generated by insertion of an Ires-lacZ
sequence linked to a similar neo selection cassette immediately
upstream of the stop codon in exon 12 of Cluap1. The linear
constructs were introduced into G4 mouse embryonic stem (ES)
cells (C57BL/6 and 129sv hybrid). After selection of transformant
clones with G418, homologous recombinants were detected by
Southern blot hybridization with a series of speciﬁc probes that
target external or internal sites relative to the vector sequence.
Chimeric mice were generated by aggregation of ES clones with
ICR morulas, and germline transmission was monitored on the
basis of the coat color of pups. The null and functional knockin
alleles were then generated by mating of pups with CAG-Cre or
CAG-Flp transgenic mice, to remove Cluap1 exons 1 to 3 or the neo
cassette, respectively. Analyses were performed with mice on a
129/B6 hybrid background unless indicated otherwise.
Kif3a+/− mouse was purchased from The Jackson Laboratory
(Strain Name: B6.129-Kif3aotm1Gsn4/J).
Transgenic mice
For the generation of a transgene that confers Cluap1 expres-
sion speciﬁcally in node crown cells, mouse Cluap1 cDNA and a
downstream Ires-lacZ cassette were placed under the control of
two copies of a 0.7-kb DNA fragment containing the node-speciﬁc
enhancer (NDE) of mouse Nodal (Krebs et al., 2003) and one copy
of the mouse Hsp68 promoter. A Patched1-lacZ transgenic line was
generated by insertion of lacZ into Patched1 exon 1 in BAC clone
RP24-139N24. The transgenes were injected into the pronucleus of
fertilized eggs obtained by crossing B6C3F1 females with Cluap1+/−
males. Speciﬁc LacZ expression was monitored by staining with
5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside (X-gal) accord-
ing to standard procedures.
Whole-mount in situ hybridization
Whole-mount in situ hybridization with digoxigenin-labeled
RNA probes was performed according to standard procedures
(Wilkinson, 1999).
Embryo culture and lipofection
Embryos at embryonic day (E) 7.5 were recovered in Hepes-
buffered Dulbecco's modiﬁed Eagle's medium (DMEM), and an
expression vector for mouse Nodal was mixed with the Lipofecta-
mine 2000 reagent (Invitrogen) and injected into the right lateral
plate mesoderm (LPM) with the use of a glass needle, as described
previously (Nakamura et al., 2006). The embryos were then
cultured under 5% CO2 with rotation at 37 1C in DMEM supple-
mented with 75% rat serum. Nodal expression was monitored bywhole-mount in situ hybridization at 10 h after lipofection, when
the cultured embryos had achieved the ﬁve- to six-somites stage.
Antibodies
Polyclonal antibodies that recognize a COOH-terminal sequence
of mouse Cluap1 were recovered from an injected rabbit and
puriﬁed by afﬁnity chromatography (Immuno-Biological Labora-
tories). Antibodies to acetylated tubulin were obtained from Sigma
(T6793), those to outer dense ﬁber protein-2 (Odf-2) were kindly
provided by S. Tsukita (Osaka University) or obtained from Abcam
(ab43840), and those to phosphorylated Smad2/3 were obtained
from Cell Signaling Technology (#3101). Alexa Fluor-conjugated
goat secondary antibodies were obtained from Molecular Probes.
Immunoﬂuorescence analysis
Cells and embryos were ﬁxed in 4% paraformaldehyde and
permeabilized with 0.1% Triton X-100 in phosphate-buffered saline
(PBS), after which nonspeciﬁc sites were blocked with a solution
containing 0.1 M Tris–HCl (pH 7.5), 0.15 M NaCl, and 0.5% TSA
blocking reagent (Perkin Elmer). The samples were then incubated
overnight at 4 1C with primary antibodies diluted in the blocking
solution, washed with PBS containing 0.1% Triton X-100, and
incubated overnight at 4 1C with Alexa Fluor-conjugated second-
ary antibodies diluted in PBS, 0.1% Triton X-100 before observation
with an Olympus FV1000 confocal microscope. For observation of
transverse sections, frozen sections were ﬁrst autoclaved for 5 min
at 121 1C in 10 mM sodium citrate buffer (pH 6.0) for antigen
retrieval. Subsequent blocking and antibody incubations were
performed in PBS containing 0.1% Triton X-100 and 3% dried skim
milk. To stain the node cell membrane, embryos were soaked
3 min in 1% Vybrant DiI dye (Molecular probes, V-22885) in PBS
prior to observation. Phosphorylated Smad2/3 was detected as
described previously (Kawasumi et al., 2011).
Establishment and culture of MEFs
Mouse embryonic ﬁbroblasts (MEFs) were isolated from E8.75
embryos and cultured in high-glucose DMEM supplemented
with 10% fetal bovine serum, 4 mM L-glutamine, 1 mM sodium
pyruvate, streptomycin (0.05 mg/ml), and penicillin (0.05 U/ml).
Growth of cilia was induced by changing the culture medium of
conﬂuent cells to DMEM supplemented with 0.5% fetal bovine
serum and incubation for 48 h.
Luciferase assay
MEFs were seeded at a density of 2105 cells/cm2 in 24-well
plates and transfected for 24 h with 500 ng of DNA, consisting of
83′Gli-BS ﬁreﬂy luciferase (Sasaki et al., 1997) and pRL-TK Renilla
luciferase (Promega) vectors in a mass ratio of 4:1, with the use of
Lipofectamine LTX (Sigma). The growth of cilia was induced for
48 h, and the cells were then exposed to the active NH2-terminal
fragment of Sonic hedgehog (ShhN) (R&D Systems, 461-SH) at 10 nM
for an additional 72 h. The cells were then lysed, and luciferase
activities were measured with the use of a Dual-Luciferase Reporter
Assay (Promega) and a TD 20/20 luminometer (Turner Designs).
Fireﬂy luciferase activity was normalized by that of Renilla luciferase.
Electron microscopy
Embryos between E7.5 and E8.5 were recovered in Hepes-
buffered DMEM, washed with PBS, and ﬁxed overnight with
1% glutaraldehyde in PBS. They were then incubated for 30 min
on ice with 1% osmium tetroxide in PBS, dehydrated with ethanol,
Y. Botilde et al. / Developmental Biology 381 (2013) 203–212 205freeze-dried in t-butyl octanol, and coated with the use of an
E-1010 Ion Sputter (Hitachi) before observation with a scanning
electron microscope (S-2600N, Hitachi). For observation of neural
tube cilia, samples were exposed to osmium tetroxide before
observation with a ﬁeld-emission scanning electron microscope
(S5200, Hitachi). For transmission electron microscopy, E8.0
embryos were washed for 3 min at room temperature in Hepes-
buffered DMEM, 0.01% Triton-X 100; 100 nM Leupeptin, then ﬁxed
by incubation for 5 h at room temperature with 2% paraformalde-
hyde, 2.5% glutaraldehyde, and 0.1% tannic acid in 0.1 M Cacody-
late buffer The embryos were then washed in 8% sucrose in 0.1 M
Cacodylate buffer and ﬁxed with 2% osmium tetroxide for 1 h at
room temperature before blocking of nonspeciﬁc sites with 0.5%
uranyl acetate. The samples were dehydrated with graded ethanol
series, incubated in QY-1 (Okenshoji, 50751), and embedded in
epoxy-resin. The area of interest was selected by observation of
semithin (1 μm) sections stained with 1% methylene blue. Ultra-
thin (80 nm) sections were then prepared with a diamond knife
and dried on 100-μm grid meshes. The sections were stained withFig. 1. Cluap1 is required for the formation of node cilia. (A)–(D) Macroscopic phenotype (A
mutant (C) and (D) embryos at E9.0. The direction of heart looping is indicated by the arrows
(cilia) in the node of Cluap1+/− (E) and (F) and Cluap1−/− (G) and (H) embryos at E8.0. (I)–(L
(L) node cells. The apical side of cell membrane was labeled with Vybrant DiI. Note that Odf2
(O) Scanning electron microscopy of the node of Cluap1+/− (M) and Cluap1−/− (O) embryos at
electron microscopy of a basal body in the node of Cluap1+/− (N) and Cluap1−/− (P) embryos at
of the basal body, respectively. Scales bars: 500 μm (A) and (C), 200 μm (B) and (D), 10 μm2% uranyl acetate and 3% lead citrate solution and then examined
with a transmission electron microscope (JEM-1200 EX, JEOL).Results and discussion
Cluap1 is required for ciliogenesis in the mouse embryo
To examine the roles of Cluap1, we generated a Cluap1 knock-
out mouse. Cluap1+/− mice appeared normal, but intercrosses
of these animals did not yield any Cluap1−/− offspring at birth,
suggesting that the homozygous mutation is embryonic lethal.
Cluap1−/− embryos were detected at the expected frequency and
with an apparently normal gross morphology at E8.0 (data not
shown). However, E9.0 Cluap1−/− embryos manifested obvious mor-
phological anomalies, including an unclosed neural tube, delayed
embryonic turning, heart edema (Fig. 1A and C), and, in three of ﬁve
embryos examined, reversed heart looping (Fig. 1B and D). Cluap1−/−
embryos were detected at the expected frequency at E10.5 but) and (C) and heart looping (B) and (D) of Cluap1+/− control (A) and (B) and Cluap1−/−
. (E)–(H) Immunoﬂuorescence staining of Odf-2 (basal body) and acetylated (Ac) tubulin
) Immunoﬂuorescence staining of Odf-2 in Cluap1+/− (I) and (J) and Cluap1−/− (K) and
is localized at the apical region both in the wild-type and Cluap1−/− node cells. (M) ) and
E8.0. Arrowhead indicates a small protrusion from a node cell. (N) and (P) Transmission
E8.0. Green and red arrowheads in (N) and (P) indicate subdistal and distal appendages
(E), (G), (I)–(L) 5 μm (F) and (H), 20 μm (M) and (O), 500 nm (N) and (P).
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Cluap1−/− embryos at E10.5 and E12.5 exhibited the morphology
similar to that at E9.0 (Fig. S2).
Abnormal heart looping and embryonic turning are reminiscent of
left–right (L–R) patterning defects. We therefore examined the node
of the mutant embryos. The node of wild-type embryos contains
∼200 cilia with an average length of 3 to 5 mm. Most cilia of centrally
located pit cells are motile, whereas those of perinodal crown cells are
immotile (McGrath et al., 2003; Yoshiba et al., 2012). In the node
of E8.0 Cluap1−/− embryos, however, whereas immunoﬂuorescence
staining with antibodies to Odf-2, a marker for the distal appendage,
revealed the presence of the basal body, that with antibodies to
acetylated tubulin showed that the axoneme was mostly absent
(Fig. 1E–H). Odf2 was normally localized at the apical region of
Cluap1−/− node cells (Fig. 1I and L). Scanning and transmission
electron microscopy also revealed the absence of cilia in both pit
cells and crown cells of the node in the mutant embryos, although
short protrusions were detected (Fig. 1M–P). Distal appendages
and sub-distal appendages were detected at the base of such short
protrusion (Fig. 1P). These observations suggest that ciliogenesis
occurs normally up to docking of the basal body, but that elongation
of the axoneme is impaired, in the absence of Cluap1. In support of
this, Cluap1 protein was detected in the Kif3a−/− embryo, albeit at a
reduced level (Fig. S4E–H).Fig. 2. Cluap1 is required for ciliogenesis throughout the mouse embryo. (A) and (B)
Cluap1+/− (A) and Cluap1−/− (B) embryos at E8.5. Insets show colocalization of the basa
electron microscopy of the neural tube of Cluap1+/− (C) and Cluap1−/− (D) embryos at E
magniﬁcation. (E) and (F) Transmission electron microscopy of the neural tube of Cluap1
the basal body. (G) and (H) Immunoﬂuorescence staining of acetylated tubulin in seru
Nuclei were also stained with 4′,6-diamidino-2-phenylindole (DAPI). I. Proportion
(P value¼0.003). Scales bars: 5 μm (A) and (B), 10 μm (C), (D), (G) and (H), 500 nm (C)Primary cilia are present in many other regions of the mouse
embryo, including the LPM (Fig. 2A) and neural tube (Fig. 2C and
E). Such cilia were also lost in Cluap1−/− embryos (Fig. 2B, D and F).
MEFs derived from E8.75 wild-type embryos can also form
primary cilia, as is evident by the generation of a long protrusion
positive for acetylated tubulin in most cells (∼90%) in response to
serum deprivation (Tucker and Pardee, 1979) (Fig. 2G). However,
MEFs derived from E8.75 Cluap1−/− embryos failed to form cilia
under the same condition, (Fig. 2H and I).
Our results obtained with mouse embryos and MEFs thus
suggest that Cluap1 is essential for formation of solitary (primary)
cilia. It remains unknown whether Cluap1 is also required for
the formation of multiple cilia such as those present in airway
epithelial cells. It was not possible to address this issue in the
present study because of the embryonic mortality of the Cluap1
knockout mouse.
Cluap1 is localized at the base and tip of cilia
We attempted to examine the expression of Cluap1 in the
mouse embryo by in situ hybridization, but we were not success-
ful. We therefore generated a modiﬁed Cluap1 allele (Cluap1IZ) by
introducing Ires-lacZ into the 3′ UTR of the gene in order to monitor
endogenous Cluap1 expression. Exposure of E8.0 Cluap1IZ/+ embryosImmunoﬂuorescence staining of Odf-2 and acetylated tubulin in LPM sections of
l body for the cilia indicated by arrowheads. (C) and (D) Field-emission scanning
8.5. The cilia indicated by arrowheads in (C) and (D) are shown in insets at higher
+/− (E) and Cluap1−/− (F) embryos at E8.0. Arrowheads indicate distal appendages of
m-deprived MEFs derived from Cluap1+/− (G) and Cluap1−/− (H) embryos at E8.75.
of ciliated cells observed in four different wild-type and Cluap1−/− MEF lines
and (D Insets), 100 nm (E) and (F).
Fig. 3. Mouse Cluap1 is highly expressed at the midline. (A) and (B) Anterior, lateral, and ventral views (left to right, respectively) of E8.0 Cluap1IZ/+ mouse embryos after
staining with X-gal for 2 h (A) or 20 h (B). (C) and (D). transversal sections at the node level of the corresponding embryos shown in (A) and (B). (E)–(G) Cluap1IZ/+ embryos at
E10.5 were stained with X-gal for 3 h. A lateral view (E), transverse section of the hindbrain neural tube (F), and whole-mount of the left forelimb bud (G) are shown.
Arrowhead indicates staining in the ﬂoor plate. (H) and (I) X-gal staining of the lung of adult Cluap1lZ/+ mice. The multiciliated airway epithelium is shown at higher
magniﬁcation in (I).
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staining of the node, including both the central and perinodal
regions (Fig. 3A). In the node, Cluap1 was predominantly expressed
in the ventral layer (Fig. 3C and D). However, other regions of the
embryo also became positive for staining on exposure to X-gal for
a longer interval (20 h) (Fig. 3B and D), suggesting that Cluap1 is
highly expressed in the node and weakly expressed in these
other regions. Cluap1IZ/+ embryos at E10.5 manifested Cluap1
expression in various regions (Fig. 3E) including the ﬂoor plate
(Fig. 3F) and limb buds (Fig. 3G), both of which are Hedgehog-
responsive domains. It is unlikely, however, that Cluap1 expression
in these regions is directly induced by Hedgehog signaling, given
that incubation of Cluap1lZ/+ MEFs with ShhN did not increase
Cluap1 expression (Fig. S3). We also found that Cluap1 is highly
expressed in the bronchial airway epithelium of adult Cluap1IZ/+
mice, whereas no signal was detected in alveolar tissue (Fig. 3H
and I), suggesting a conserved function for Cluap1 in multiciliated
cells.We also examined the subcellular localization of Cluap1 with
speciﬁc antibodies to the mouse protein. Speciﬁcity of the anti-
body was validated with Cluap1−/− embryos and Cluap1−/− MEFs
(Fig. S4). The node of E8.0 wild-type embryos was strongly
positive for Cluap1 immunoreactivity (Fig. 4A), while the node of
the Cluap1−/− embryo was negative (Fig. S4). Cluap1 was detected
speciﬁcally in the cilia of both pit cells and crown cells of the node
(Fig. 4B). It was also detected in cilia of the neural tube (Fig. 4C)
and of the LPM (Fig. 4D) in mouse embryos as well as in those of
MEFs (Fig. 4E). In most cells of the node, neural tube, and LPM as
well as in most MEFs, Cluap1 was localized preferentially in the
basal and tip regions of cilia, with much weaker staining being
apparent in the middle portion of these structures. The accumula-
tion of Cluap1 at the tip of cilia suggests that the protein might be
transported by IFT. Indeed, in a small number of MEFs, we detected
intense, punctate Cluap1 staining in the axoneme (Fig. 4F). Our
observation that the proportion of ciliated MEFs manifesting
this latter localization pattern decreased with time of serum
Fig. 4. Mouse Cluap1 is a ciliary protein preferentially localized at the ciliary base and tip. The node of E8.0 wild-type embryos (A) and (B), neural tube (C) and LPM (D) of
E8.5 embryos, and MEFs deprived of serum for 48 h (E) and (F) were subjected to immunoﬂuorescence analysis of Cluap1 (green) and acetylated tubulin (red). MEFs in
(E) were also stained with DAPI (blue). Arrowheads in (B) through (D) indicate localization of Cluap1 immunoreactivity at the base and tip of cilia. The high magniﬁcation
images of MEF cilia in (F) also show staining for Cluap1 along the axoneme (arrowheads). Scale bars: 20 μm (A), 5 μm (B), 1 μm (C)–(F).
Y. Botilde et al. / Developmental Biology 381 (2013) 203–212208deprivation [from 37.5% (98/263 cells) immediately after cell
seeding to 25.8% (87/359 cells) after 48 h of serum starvation
(Fig. S5)] suggests that Cluap1 might remain concentrated at thebase and tip of cilia after ciliogenesis, with the exception of
occasional transport of the protein through the axoneme, likely
serving as a mechanism for maintenance of the protein pool.
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IFT mutants
Primary cilia are essential for Hedgehog signaling in vertebrates
(Huangfu et al., 2003 Eggenschwiler and Anderson, 2007; Goetz
and Anderson, 2010). We examined Hedgehog signaling in mouse
embryos with the use of the signaling-sensitive Patched1-lacZ
transgene. Active signaling was detected predominantly at the
midline, with a lower level apparent in other regions such as the
LPM, in Cluap1+/− embryos at E8.5 (Fig. 5A). In the ventral node,
Hedgehog signaling was detected in perinodal crown cells but not
in pit cells (Fig. 5C). Hedgehog signaling was completely lost in
Cluap1−/− embryos at E8.5 (Fig. 5B). Sonic hedgehog (Shh) expres-
sion was maintained at the midline of the mutant, although it was
reduced in the anterior portion of the mutant midline (Fig. 5E and
F). We then examined Hedgehog signaling with MEFs prepared
from Cluap1+/− or Cluap1−/− embryos. The Cluap1−/− MEFs had lost
responsiveness to Shh (Fig. 5D).
At E9.0, however, Hedgehog signaling was detected through-
out Cluap1−/− embryos with the exception of the caudal regionFig. 5. Hedgehog signaling defects in the Cluap1−/− mouse embryo. (A) and (B) Hedgeh
embryos harboring a Patched1 (Ptc)-lacZ transgene. Arrowheads indicate signal at LPM le
embryo similar to that in (A). Arrowheads indicate Hedgehog signaling activity in node c
and Cluap1−/− MEFs deprived of serum for 48 h and then incubated in the absence or p
(P value¼0.007). (E) and (F) Anterior and lateral views of Shh mRNA distribution as de
embryos at E8.5. (G)–(J) X-gal staining of Patched1-lacZ expression in Cluap1+/− (G) and (
(G) and (H) are shown in (I) and (J), respectively. The arrowhead indicates dorsal expan(Fig. 5H). Hedgehog signaling in the neural tube shows a gradient
along the dorsoventral axis in wild-type embryos (Ericson et al.,
1997). Patched1-lacZ was thus expressed only in the ventral region
of the neural tube in Cluap1+/− embryos (Fig. 5G and I). In Cluap1−/−
embryos, however, Hedgehog signaling was expanded ectopically
to the dorsal side of the neural tube (Fig. 5H and J). This expansion
of Hedgehog signaling in the developing neural tube resembles
that in mutants with defective retrograde IFT, such as Ift122 and
Thm1 knockout embryos (Qin et al., 2011; Tran et al., 2008). These
results thus suggest that IFT is impaired in the Cluap1−/− embryo.
Multiple roles of cilia in L–R patterning
Cilia play essential roles in various steps of L–R patterning.
Motile cilia of pit cells are thus required for generation of the
leftward ﬂuid ﬂow at the node (Hirokawa et al., 2009; Nonaka
et al., 1998), whereas cilia of crown cells, most of which are
immotile, are required to sense the ﬂow (Yoshiba et al., 2012). As
expected, therefore, Cluap1−/− embryos manifested L–R patterning
defects. Expression of Nodal in LPM, which is left-sided inog signaling as monitored by X-gal staining in E8.5 Cluap1+/− (A) and Cluap1−/− (B)
vel. (C) X-gal staining of a parafﬁn-embedded section at the level of the node of an
rown cells. (D) Luciferase reporter assay for Hedgehog signaling activity in Cluap1+/−
resence of ShhN for 72 h. Data are means7SEM from 2 independent experiments
termined by whole-mount in situ hybridization in Cluap1+/− (E) and Cluap1−/− (F)
I) and Cluap1−/− (H) and (J) embryos at E9.0. Transverse sections of the embryos in
sion of Hedgehog signaling activity in the neural tube of the mutant.
Fig. 6. Left–right patterning defects in the Cluap1−/− mouse embryo. (A)–(F) Whole-
mount in situ hybridization of Nodal (A) and (B), Lefty1 (C) and (D),Gdf1 (E) and (F),
and Cerl2 (G) and (H) in Cluap1+/− (A), (C), (E) and (G) and Cluap1−/− (B), (D), (F) and
(H) embryos at E8.0. The node region is shown in (E), (G)–(J). Immunoﬂuorescence
staining of phosphorylated Smad2/3 in the node and LPM of Cluap1+/− (I) and
Cluap1−/− (J) embryos at E8.0 (K) and (L) Whole-mount in situ hybridization of
Nodal expression in Cluap1+/− (K) and Cluap1−/− (L) embryos after introduction of
a Nodal expression vector into the right LPM. Arrowheads indicate the site of
injection.
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(Fig. 6A), was thus found to be absent in Cluap1−/− embryos at the
3–5 somites stage (n¼7/7) (Fig. 6B). However, the LPM of the
mutant embryos maintained responsiveness to Nodal signaling, as
endogenous Nodal expression was widely induced in the LPM as a
response to local introduction of a Nodal expression vector (Fig. 6K
and L). The midline marker Lefty1 was also absent in Cluap1−/−
embryos (Fig. 6C and D). L–R markers for crown cells of the node
were also affected in the mutant embryos. The bilateral expression
of the growth differentiation factor 1 gene (Gdf1) apparent inCluap1+/− embryos at E8.0 was thus down-regulated to an unde-
tectable level in the mutant (Fig. 6E and F). The gene for Cerberus-
like 2 (Cerl2), the most immediate target of nodal ﬂow, shows
R4L expression in crown cells of wild-type embryos (Schweickert
et al., 2010; Shinohara et al., 2012), but its expression was bilateral,
with that on the right side being down-regulated, in the Cluap1
mutant (Fig. 6G and H). Phosphorylated Smad2/3, which reﬂects
Nodal signaling activity, is distributed asymmetrically in crown
cells of wild-type embryos (Kawasumi et al., 2011). Consistent
with the loss of Gdf1 expression, phospho-Smad2/3 was absent in
crown cells and LPM of the Cluap1−/− embryo (Fig. 6I and J). These
results suggest that the loss or marked down-regulation of Gdf1
expression in crown cells results in the loss of Nodal expression in
LPM of Cluap1 knockout embryos. Gdf1 expression in crown cells
may depend on Hedgehog signaling, given that crown cells receive
the Hedgehog signal and that Gdf1 expression in crown cells is also
down-regulated in embryos lacking the kinesin-related protein
Kif3a (Fig. S6) and in the Smoothenedmutant embryo (Zhang et al.,
2001).
Restoration of Cluap1 expression in crown cells was sufﬁcient
to rescue the L–R defects of Cluap1−/− embryos (Fig. 7). Transgenic
mice harboring a Cluap1 transgene (Tg) driven by the crown cell-
speciﬁc enhancer (NDE) of Nodal were ﬁrst established on the
B6/CH6 F1 (BCF1) background (Fig. 7A), and these animals were
subsequently crossed with Cluap1+/− mice (129/B6 background).
Mating of Cluap1+/−; Tg+ mice (129/B6/BCF1) with Cluap1+/− mice
(129/B6) yielded 4 and 5-somite stages Cluap1−/−; Tg− embryos
that exhibited bilateral Nodal expression in LPM (3/3) (Fig. 7D).
This ﬁnding contrasts with the absence of Nodal expression in LPM
of Cluap1−/− embryos (129/B6) (Fig. 6B), indicating that genetic
background affects the pattern of Nodal expression in LPM. None-
theless, 3 to 5-somites stages Cluap1−/−; Tg+ embryos, in which
cilia in crown cells were restored (4/4) (Fig. 7B), manifested left-
sided Nodal expression in LPM (Fig. 7E). The L–R defects are fully
rescued in Cluap1−/−; Tg+ embryos (Fig. 7C and E), likely because
most crown cell cilia are immotile (Yoshiba et al., 2012) and
because only a few rotating cilia in pit cells are necessary for
breaking of L–R symmetry (Shinohara et al., 2012). Although cilia
are widely distributed among cells of the developing mouse
embryo, including those of the node and LPM, our present and
previous (Yoshiba et al., 2012) data suggest that the cilia required
for L–R patterning are those in crown cells and pit cells of
the node.
Several ciliogenesis mutants of the mouse have been found to
show L–R asymmetry defects (Takeda et al., 1999; Murcia et al.,
2000; Pazour et al., 2000; Houde et al., 2006). The precise nature
of the L–R patterning defects differs, however, among these
mutants. For example, whereas Kif3a and Cluap1 are both required
for ciliogenesis and are widely expressed in the developing mouse
embryo, and their expression in crown cells is sufﬁcient for normal
L–R patterning, Nodal expression in LPM is bilateral in Kif3a−/−
embryos (Nonaka et al., 1998) (Fig. S6), as it is in most ciliogenesis
mutants, whereas it is absent in Cluap1−/− embryos (129/B6 back-
ground, n¼7/7) (Fig. 6B). Expression of Cerl2 is bilateral in Kif3a−/−
embryos, with that on the left side being up-regulated (Fig. S6).
Cerl2 expression on the left side is normally repressed by the
leftward ﬂuid ﬂow, but it would be expected to escape such
repression in the absence of the ﬂow, resulting in L¼R expression.
In the Cluap1−/− embryo, Cerl2 expression in crown cells is
bilateral, but in contrast to the Kif3a−/− mutant, the expression
on the right side is down-regulated (Fig. 6H).
The reason for the differences in the molecular phenotype of
ciliogenesis mutants is not clear. However, as exempliﬁed by
the difference in the pattern of Nodal expression in LPM between
Cluap1−/− embryos on the 129/B6 or 129/B6/BCF1 backgrounds,
genetic background is a contributing factor. The absence or
Fig. 7. Cluap1 in crown cells is sufﬁcient to establish the L–R axis. (A) Schematic representation of the NDE-Hsp68-Cluap1-Ires-lacZ transgene (Tg) as well as X-gal staining of
a transgenic embryo at the three-somite stage showing speciﬁc expression of the transgene in node crown cells. ORF, open reading frame. (B) Scanning electron microscopy
of the node of a Cluap1−/−;Tg+ embryo at E8.0 showing speciﬁc rescue of cilium formation in crown cells. The solid and dashed lines denote the outer boundaries of crown
cells and pit cells, respectively. The green and red boxes of the left panel are shown at higher magniﬁcation in the center and right panels, respectively. Anteroposterior
(A–P) and left–right (L–R) axes are indicated. The arrowhead indicates an apparently normal cilium. Scale bars: 20 μm (left panel) or 5 μm (center and right panels).
(C)–(E) Anterior view of Nodal expression, as revealed by whole-mount in situ hybridization, in embryos of the indicated genotypes at E8.0. Arrowhead indicates left-sided
Nodal expression in LPM. (F)–(H) Whole-mount in situ hybridization of Gdf1 expression in E8.0 embryos of the indicated genotypes and genetic background: 129/B6/BCF1
Cluap1−/−;Tg− (F), 129/B6/BCF1 Cluap1−/−; Tg+ (G) and 129/B6 Cluap1−/− (H). Arrowheads in (F) indicate low Gdf1 expression in crown cells.
Y. Botilde et al. / Developmental Biology 381 (2013) 203–212 211presence of Nodal expression in LPM is determined by the level of
Nodal activity in crown cells, which is positively regulated by Gdf1
and negatively regulated by Cerl2. In this regard, Gdf1 expression
in crown cells was undetectable in Cluap1−/− embryos on the 129/
B6 background but was less markedly affected in those on the 129/
B6/BCF1 background (Fig. 7F and H), which might account for the
difference in the Nodal expression pattern in LPM. Whereas Gdf1
expression in crown cells depends on cilium-mediated Hedgehog
signaling as conﬁrmed by restoration of normal Gdf1 expression
level in crown cells of Cluap1−/−;Tg+ embryos (Fig.7G), its level
may thus be inﬂuenced by genetic background.
Role of Cluap1 in ciliogenesis
Overall, our present data are consistent with those of a recent
study showing that Cluap1 is an evolutionarily conserved proteinrequired for ciliogenesis (Pasek et al., 2012). Although Cluap1 is
essential for cilium formation, its precise action remains to be
determined. Ciliogenesis depends on bidirectional, anterograde
as well as retrograde, movement of IFT particles (Pedersen and
Rosenbaum, 2008). A successful IFT cycle requires assembly of IFT
particles including cargo at the base of the cilium followed by their
turnaround at the cilium tip. Some IFT components, including
cargo molecules, are exchanged during the turnaround from
anterograde to retrograde transport. The base and tip of cilia can
thus be regarded as depots where cargoes are exchanged. In this
regard, Cluap1 was found to be preferentially localized to the base
and tip regions of cilia in the various cell types examined. Cluap1
may therefore be transported by anterograde IFT and contribute
to the assembly and turnaround of IFT particles by mediating a
change in IFT components at the base and tip of the cilium. This
notion appears consistent with the Hedgehog signaling defects
Y. Botilde et al. / Developmental Biology 381 (2013) 203–212212observed in Cluap1−/− embryos. The precise function of Cluap1 in
ciliogenesis warrants further study.Acknowledgments
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